The DNA sequence of the flaA short variable region (SVR) was used to analyze a random population of Campylobacter isolates to investigate the weakly clonal population structure of members of the genus. The SVR sequence from 197 strains of C. jejuni and C. coli isolated from humans, bovine, swine, and chickens identified a group of 43 strains containing disparate short variable region sequences compared to the rest of the population. This group contains both C. jejuni and C. coli strains but disproportionately consisted of bovine isolates. Relative synonymous codon usage analysis of the sequences identified two groups: one group typified C. jejuni, and the second group was characteristic for C. coli and the disparate alleles were not clustered. The data show that there is significant differentiation of Campylobacter populations according to the source of the isolate even without considering the disparate isolates. Even though there is significant differentiation of chicken and bovine isolates, the bovine isolates did not show any difference in ability to colonize chickens. It is possible that disparate sequences were obtained through the lateral transfer of DNA from Campylobacter species other than C. jejuni and C. coli. It is evident that recombination within the flaA SVR occurs rapidly. However, the rate of migration between populations appears to limit the distribution of sequences and results in a weakly clonal population structure.
Campylobacter is a leading cause of enteritis in the United States, accounting for an estimated 2.4 million cases per year (19) . Symptoms are usually acute and are characterized by abdominal cramps, nausea, diarrhea, and fatigue. The illness is typically self-limiting, and treatment is contraindicated in all but the most severe cases. Sequelae are rare, but there is evidence that Campylobacter infection is associated with the autoimmune disorders Miller-Fisher syndrome and GuillainBarré syndrome (24) . Most Campylobacter infections are considered to be food-borne and are associated with contaminated meat, especially poultry (2) . However, sporadic cases are common and the source of infection often goes undetermined (1) .
Prevention of Campylobacter infections in humans through consumption of contaminated foodstuffs is dependent upon a good epidemiological understanding of this organism. To this end, many methods for typing and subtyping Campylobacter species have been developed. Phenotypic typing schemes such as Penner serotyping have been useful but suffer notable drawbacks such as cross-reactivity of antigens and the presence of nontypeable strains (28) . Several genotype-based methods have been introduced, including restriction fragment length polymorphism (25) , randomly amplified polymorphic DNA-PCR (27) , multilocus enzyme electrophoresis (26) , pulsed-field gel electrophoresis (31) , and DNA sequence analysis (21) . Payne et al. (29) also used a combination of randomly amplified polymorphic DNA-PCR and detection of the 23S rRNA intervening sequence to differentiate Campylobacter strains taken from poultry. Genotyping is generally more discriminatory than phenotypic typing, but each method has its own limitations and may show differing relationships.
Sequencing of a single locus, the flaA short variable region (SVR), has also been shown to be a useful typing scheme (8, 21) . Due to the small size of the SVR (321 bp), sequence determination is quick and reliable. Sequence comparison of the flaA SVR is nearly as discriminating as the complete flaA sequence and can be more discriminatory than serotyping or PCR-restriction fragment length polymorphism of the flaA gene (8, 21) . SVR comparisons have been used to study the spread of Campylobacter populations within the poultry industry, including differentiating between poultry and environmental isolates (4, 13, 14) .
All of the subtyping methods have shown that Campylobacter is a highly diverse genus. Methods in which linkage analyses can be performed have demonstrated that C. jejuni is weakly clonal (5, 33) . To be weakly clonal is to have significant linkage of alleles at different loci in a population while not demonstrating tree-like phylogenetic relationships, as predicted by the clonal model of bacterial population structure. However, the genesis of the weakly clonal structure is not clear but could be because of one or more of the following (20) : (i) the frequency of recombination in the population may be insufficient to randomize genetic variation that leads to a panmictic population structure, which may be a simple rate-related phenomenon or due to the isolation of subpopulations; (ii) some subsets of the population may not be participating in recombination, resulting in some lineages that are evolving clonally; (iii) some subpopulations may be more successful, leading to their recent rapid expansion, so-called epidemic clones (32a); and (iv) some portions of the genome may not participate in recombination, leaving linkage islands within the genome that evolve clonally.
In this study, we ascertained whether alleles of the flaA SVR sequence show any linkage to subpopulations of Campylobacter isolates that were stratified by source. Isolates of Campylobacter jejuni and Campylobacter coli from poultry, bovine, swine, and human sources in the United States were compared, along with a subset of the European CampyNet strain collection (12) . A subset of isolates was tested for the ability to colonize chicks to determine whether the stratification may be due to host adaptation.
RESULTS

SVR sequences.
A total of 197 flaA SVR sequences were determined from Campylobacter spp. isolated from humans, bovine, swine, and chickens and other source populations. A total of 321 base pairs of DNA were sequenced for each isolate, of which 115 sites were polymorphic, with an average number of nucleotide differences between each pair of sequences being 25.86.
A cluster analysis using HKY85 distances of the flaA sequences ( Fig. 1) revealed the presence of two distinct groups of sequences that we call the majority type (Fig. 1A , within the ellipse), and the remainder were called the disparate group based on their distance from most of the other sequences. The tree is not shown as an accurate representation of phylogeny because many of the branches have exceedingly low bootstrap values (not shown) but rather is shown to reveal clustering patterns that may relate to isolate source. However, the branch dividing the disparate from the majority-type groups had a bootstrap value of 99%. The majority-type group includes sequences from 154 isolates (78.2%), while the disparate group contains sequences from 43 isolates (21.8%). C. jejuni and C. coli are distributed in both groups in proportions (Fig. 1B) that are not significantly different (chi-square P ϭ 0.73). The disparate group was significantly overrepresented by bovine isolates (chi-square P ϭ 0.003), barely underrepresented by chicken isolates (chi-square P ϭ 0.05), and underrepresented, but not significantly, by swine isolates (chi-square P ϭ 0.12) ( Table 1 ). The division of the isolates into majority and disparate types and the distribution of populations in those types are consistent with observations we have made with sequence analyses of all of the genes used in the multilocus sequence analysis of C. jejuni by using data in the Campylobacter jejuni and Campylobacter coli multilocus sequence typing home page (20) .
Haplotype distribution. There were a total of 103 haplotypes, unique flaA SVR sequences, in the test population (Fig.  1B) . Thirty-nine haplotypes had multiple members; of these, 6 were found only in the European collection, 18 were found only in the U.S. collection, and 15 were found in both collections of isolates. The largest group containing strains with identical SVR sequences had 12 members. The haplotype diversity, which is the probability that a pair of samples randomly drawn from the test population will be different, for the entire population was 0.9869. With this haplotype diversity, there is a less than 2% chance that samples drawn randomly from the total population will have the same haplotype, yet it appears (Fig. 1B ) that at least swine isolates are overrepresented in some haplotypes. The significance of this overrepresentation was tested with an exact test of genotypic differentiation of populations using GENEPOP (30) . Not only was there evidence that the isolates from swine form a distinctly differentiated population, but isolates from bovine sources were also significantly differentiated (Table 2 ). In an effort to determine whether the differentiation of populations is a recent event, a series of analyses were performed in which haplotypes were progressively agglomerated into haplotypes that included isolates that were more and more distant. For instance, when a single haplotype was considered to be all the isolates that were within a 6-base-pair difference of any other individual within a group, isolates from bovine and swine sources continued to be significantly differentiated from the other populations (Table  2) . If agglomeration of isolates were to continue to the point that there were only two haplotypes to consider, those two would be the majority-type and the disparate-type isolates, which were demonstrated to show significant differentiation of the bovine isolates by chi-square analysis (see above). To remove the influence of the strong differentiation of the disparate isolates, the analysis was repeated with isolates agglomer- ated by 6 base pairs and all the disparate alleles left out. The differentiation of bovine and swine isolates was still significant ( Table 2) .
To determine the origin of the polymorphisms, mutation versus recombination, within an agglomerated group, analysis of recombination was done with sequences of members of agglomerated groups using the Neighbor-Net algorithm (3) in SplitsTree version 4b6 (15) . It was seen that, even limiting groups to an agglomeration of members that were related to any other member by differences of six or fewer base pairs, SplitsTree produced a highly reticulated cluster that provides extensive evidence of recombination (Fig. 2) .
Codon usage analysis. Correspondence analysis of the sequences for codon bias based on RSCU identified three subsets of the sequences (Fig. 3) . A small cluster (Fig. 3, cluster A) consisted of 17 isolates of C. coli and 6 isolates of C. jejuni. A large cluster (Fig. 3, cluster B) consisted of 27 isolates of C. coli and 99 isolates of C. jejuni. The remaining isolates had correspondence vectors that were widely scattered without any apparent clustering. This last group consisted of all of the isolates identified in the disparate group (Fig. 1 ) plus one isolate that was a member of the majority-type group. Thus, the population of isolates that are isolated by this scattered group has the same biases as the disparate group (e.g., overrepresentation of bovine isolates, etc.). The changes in codon usage for the C. coli group are highlighted by the use of CGU in place of AGA for arginine, the use of GGU in place of GGC and GGG for glycine, and an increase in the use of GUU relative to GUG and GUA for valine (Table 3) .
Colonization ability. The differentiation of chicken and bovine isolates and the underrepresentation of chicken isolates among the disparate types may correspond to differences in fitness of the isolates in the different hosts. To test this, isolates from four groups (majority-type human isolates, majority-type bovine isolates, disparate-type human isolates, and disparatetype bovine isolates) were selected and tested to determine their colonization dose for chickens. It turned out that all the isolates except for two from the disparate-type human isolates readily colonized chickens (Table 4) .
DISCUSSION
Isolation of populations will lead to differentiation when mutations are events that are independent from one another. However, horizontal gene transfer through recombination between subpopulations will obscure the differentiation. But this is a rate-dependent phenomenon, and a population can appear to be truly panmictic only if the migration rate between subpopulations is greater than or equal to the recombination rate. This is because horizontal gene transfer is much more likely to occur between nearest neighbors and migration is needed to mix the neighbors. The results presented here demonstrate that, even in the face of a high recombination rate, there is isolation of subpopulations of Campylobacter that results in a weakly clonal population structure.
Our laboratory and others have used the SVR of the flaA gene to discriminate between Campylobacter species. While only 321 bp in length, this segment of the flaA gene has been shown to be hypervariable and is useful for discriminating even closely related Campylobacter strains (6, 13, 14, 21, 32) . However, the Campylobacter flaA locus is known to be active in both intragenomic recombination between the flaA and flaB genes within the same strain (22) as well as intergenomic recombination of the flaA gene between two different C. jejuni strains (11, 35) . So the evidence we have shown for recombination is an expected finding.
The haplotype diversity that we found with the fla SVR sequence was quite high, with a less than 2% chance that two isolates selected at random are likely to be the same. Thus, the finding of multiple isolates from the same subpopulation with the same haplotype on several occasions appeared to be a clear departure from randomness, and this was shown to be the case with the test for population differentiation in GENEPOP. The technique we have used to agglomerate isolates into superhaplotypes may not be enclosing groups that have only a single most recent common ancestor because of the effects of recombination. However, recombination is more likely to bias the analysis toward showing a loss of differentiation. So we have confidence that the continued differentiation of Campylobacter populations with agglomeration of the haplotypes is indicative that the association of haplotypes with populations has some a P values calculated from haplotype frequencies in each population using GENEPOP with the null hypothesis that the two populations are indistinguishable. A P value of Ͻ0.05 indicates significant differentiation of the two populations.
b Probabilities calculated from haplotype data with isolates agglomerated by differences of up to 6 base pairs (i.e., a single haplotype includes all individuals that are different from any other member of the haplotype by six or fewer base pairs).
c Probabilities calculated from haplotype data with isolates agglomerated by differences of up to 6 base pairs with all the disparate haplotypes left out of the calculations.
longevity. However, at this point, we are unable to apply a clock to determine how long that association may have been.
An interesting group of sequences is comprised of those the isolates found within the disparate group. The flaA alleles of these 43 isolates are set apart by their genetic distance from the flaA alleles of the majority of the strains. The disparate alleles in this study are different enough to suggest that their origin is from a species other than C. jejuni or C. coli. Recent multilocus sequence typing studies of C. jejuni have shown that disparate alleles also occur within housekeeping genes that presumably have selective pressure for conservation as well as genes that may be under selective pressure for diversification, such as the flaA gene (20) . Identification of possible donor species is made a Clusters were defined by RSCU analysis and are shown in Fig. 3 as clusters  A (C. coli) and B (C. jejuni) .
difficult because the availability of sequences from other Campylobacter species is limited. Sequences may also have been acquired from other genera. While there was no sequence difference between C. coli and C. jejuni strains that stood out based on the distance analysis of nucleotide sequence differences, the covariant analysis of RSCU demonstrated clusters that apparently typify sequences from C. jejuni or C. coli (Fig. 3) . This leads to the expectation that the RSCU is species specific and the wide broadcasting of the disparate isolate sequences (Fig. 3 ) may indicate numerous donor species.
Codon usage by the consensus group and the C. coli group was similar overall in its bias toward codons ending with either A or U. This result was similar to that in a previous study that identified optimal and rare codons based on 67 genes of C. jejuni strain ATCC 11168 (9) . The differences noted between the consensus group and the C. coli subset are limited to the optimal codon usage for glycine, valine, and arginine. The flagellin gene is highly expressed, and it is known that genes predicted to be highly expressed are likely to have optimized codon usage (17) . It might be expected, then, that isolates with disparate flagellin alleles may have a selective disadvantage in their ability to express the gene, resulting in their eventual extinction.
There is an overrepresentation of isolates from cattle and an underrepresentation of isolates from chickens within the group containing the disparate allele sequences (Table 1) . Chi-square analysis did not show a statistically significant difference of disparate-versus majority-type alleles within the swine or human isolates. There is no clear reason as to why bovine isolates would be more likely to contain disparate alleles. It is possible that acceptable donor strains are more prominent in cattle than in humans, chickens, or swine or that these sequences represent the environmental Campylobacter strains to which cattle would have more exposure due to farming practices. It is also possible that the bovine enteric tract provides an environment that enhances the rate of horizontal gene transfer.
Another clear distinction that has been noted before is the association of swine with C. coli (for an example, see reference 10). However, this isolation is not complete since there are swine isolates of C. coli that have fla SVR sequences that not only are similar to isolates of C. jejuni from other sources but are identical.
Our findings are compatible with the conclusion of Falush et al. (7) that recombination can occur as frequently as mutation in Helicobacter pylori, an organism with a rate of recombination similar to that seen with C. jejuni. That is because horizontal gene transfer requires opportunity, i.e., the colocation of donor DNA with the recipient organism. Cells that share the same environment are more likely to share DNA, and if the migration of alleles between types of hosts is limited, linkage to the source can be maintained. The strength of the linkage will be dependent on the rate of migration as well as the rate of recombination. With a low rate of migration, recombination is more likely to occur with very close relatives. Also, a breakpoint is required between a minimum of two polymorphic sites in order for the progeny of recombination to not be identical to at least one of the parents, and recombination between identical parents will yield identical progeny. The SplitsTree analysis for reticulate evolution that we have performed shows that there is ample evidence of recombination between closely related strains of Campylobacter (Fig. 2) .
The determination of colonization doses in chickens of a subset of isolates appears to demonstrate that bovine isolates are not restricted in their ability to colonize chickens (Table 4) , so we cannot conclude that the strains are selectively adapted to colonize chickens or cattle. If we accept that the differentiation of the Campylobacter subpopulation is due to isolation because of migration differences, then the source of infection of cattle is different from that of chickens. This is unexpected since so many of the haplotypes with multiple members (15 out of 29) were found on both the American and European continents. Thus, geographic isolation does not seem to be a key factor. It remains that there are local environmental factors that restrict the migration of Campylobacter between cattle and chickens. The mixing of different populations of Campylobacter is not occurring at a rate that is fast enough to allow recombination to totally break down the clonal structure, and they therefore appear to be weakly clonal. 
